Escherichia coli is a commensal organism in the gut, but particular pathogenic strains that produce virulence factors cause a variety of intestinal and extraintestinal infections. The most frequent extraintestinal infections are urinary tract infections, neonatal meningitis, osteomyelitis, and sepsis [1, 2] . While urinary tract infections are the second most common infections, with E. coli provoking approximately 90% of cases, sepsis is the tenth most frequent cause of mortality in the developed world and the second most frequent cause in intensive care units [3] . Previous studies of collections of uropathogenic E. coli strains showed that the large majority of strains isolated from patients with pyelonephritis and prostatitis (93.4% and 88%, respectively) encoded the uropathogenic-specific gene, usp, compared with only 24% of strains isolated from fecal specimens from healthy individuals [4] . A high prevalence of the usp gene was also detected among E. coli strains isolated from patients with urosepsis [5] . The usp gene (1.8 kb) is encoded on a small pathogenicity island together with 3 downstream open reading frames, imu1-3 (formerly designated orfU1-3; approximately 300 bp each). Pairwise alignment of the known Usp protein sequences with endonuclease bacteriocins [6] , revealed a C-terminal domain (138 amino acids) with 40%-45% identity to the DNase-like domain of the S pyocin AP41 and to the HNH endonuclease motif in the C-terminal regions of DNasetype colicins of E. coli and S pyocins of Pseudomonas aeruginosa. In contrast to bacteriocin-encoding gene clusters of E. coli and P. aeruginosa, the upstream region of usp exhibits an N-terminal extension with a conserved motif found in Hcp proteins. In Vibrio cholerae, Hcp has been characterized as a secreted hemolysincoregulated protein, and genes for Hcp-like proteins are found in the genomes of several human pathogens [7, 8] . We renamed the 3 small associated protein genes "imu1-3" because they exhibit similarity with immunity proteins protecting colicin producers against their cognate bacteriocins.
Because the role and mechanism of action of Usp and the 3 associated Imu proteins is essentially unknown, we isolated the 4 proteins and investigated their activity on bacterial and mammalian cell lines. Infection of mammalian cell lines with E. coli usp + imu1-3 + was also investigated.
MATERIALS AND METHODS

Bacterial Strains
The usp gene cluster (usp and imu1-3) was, before cloning, amplified from the uropathogenic E. coli strain TA211, which was isolated at the Institute of Microbiology, Medical Faculty, Ljubljana, Slovenia. Infection assays were performed with strain MG1655 (F-lambda-ilvG-rfb-50 rph-1), which harbored plasmid pUSP4R-L with the cloned usp gene cluster.
Cloning, Purification of Usp and Imu1-3, and Western Blot Experiments
Cloning of the usp and imu1-3 gene clusters, protein purification, and Western blot to detect Usp were performed as described in the Supplementary Materials.
Usp DNase Activity Assay
Purified Usp was assayed for DNase activity as described previously [9] , with minor modifications. Reaction mixtures were prepared with 100 ng of EcoRI-linearized pUC19 and Usp (0.4 mg/mL, final concentration) in 1 × Green Fast Digest Buffer (Fermentas, Thermo Fisher Scientific) supplemented with 4 mM Tris and KCl 2 mM MgCl 2 , 0.5 mM MnCl and CaCl 2 , 0.1 mM ZnSO 4 , Fe(NH 4 )-citrate, CuSO 4 , and 0.01 mg/mL bovine serum albumin. Nuclease activity reactions and control reactions were incubated at 37°C for 20 hours and analyzed after agarose gel electrophoresis.
Mammalian Cell Lines
Human umbilical vein endothelial cells (HUVECs) were cultured in Eagle's minimal essential medium (Sigma) supplemented with L-glutamine (Sigma), 10% fetal bovine serum (FBS, Sigma). When necessary, gentamicin (50 μg/mL) was added. Human embryonic kidney cells (cell line HEK293) were cultured in Dulbecco's modified Eagle's medium (Sigma) supplemented with L-glutamine (Sigma), 10% fetal bovine serum (FBS, Sigma) and when necessary, gentamicin (50 μg/mL). Cells were incubated at 37°C and 5% CO 2 .
Bacterial Infection Assays
HUVECs, maintained as described above (without gentamicin), were infected with E. coli MG1655 harboring plasmid pUSP4R-L encoding usp and imu1-3. Control HUVECs were infected with E. coli MG1655 usp − imu1-3 − . E. coli cultures grown overnight were diluted in LB 1:300, grown for 4 hours to an OD 600 of 0.9, and added to fresh cell culture medium to achieve a multiplicity of infection (MOI) of 10 or 100 bacteria per cell. Cultures were then incubated for 4 hours at 37°C in 5% CO 2 . Subsequently, chloramphenicol was added at 25 μM/mL to kill remaining bacteria, and the cells were analyzed after incubation for an additional 20 or 44 hours.
MTT Cytotoxicity Assay
The cytotoxicity of Usp and the 3 Imu1-3 proteins was tested as described previously [10, 11] . Briefly, HUVECs were grown in microtiter plates until approximately 50% confluence. Subsequently, the medium was removed, and fresh medium containing Usp, Imu1, Imu2, and Imu3 (0.1, 1, or 10 μM) was applied. Following incubation for 24 hours, MTT substrate (Sigma) was added for 2 hours. Next, the medium was carefully removed, and the formed crystals were dissolved in dimethyl sulfoxide to determine the OD 570 . The cytotoxicity percentage was calculated with regard to the untreated control.
Cell Viability
HUVECs were infected with E. coli usp + imu1-3 + and E. coli usp − imu1-3 − as described above, and viability was investigated using the Trypan blue exclusion assay (Sigma) according to the instructions of the manufacturer.
Comet Assay
To assess genotoxicity, the Comet assay was performed on HUVEC lines, following individual application of 1 μM of Usp, Imu1, Imu2, or Imu3, as well as combinations of Usp and 1 of the 3 Imu proteins, as described previously [12, 13] . DNA of the treated and lysed cells was stained with ethidium bromide (5 μg/mL), and at least 50 randomly selected nuclei were analyzed per experimental point in each of 3 independent experiments with fluorescence microscopy (Nikon, Eclipse 800) under 400× magnification, using image analysis software (COMET assay IV, Perceptive Instruments, United Kingdom). The results were expressed as percentage of tail DNA.
Fluorescence-Labeled Actin Staining
Phalloidin-fluorescein isothiocyanate (FITC) staining was performed as described previously [14] . Briefly, HUVECs were cultivated on glass cover slips until 50% confluence. The cells were then infected with E. coli usp + imu1-3 + and E. coli usp − imu1-3 − and coincubated for 4 hours (at 37°C in 5% CO 2 ).
Chloramphenicol was then added to destroy remaining bacteria, and cells were incubated for an additional 20 hours. Cell preparations were then fixed for 15 minutes at room temperature in phosphate-buffered saline (PBS) and 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 in PBS and 4% paraformaldehyde for 10 minutes. The permeabilized cells were stained with phalloidin-FITC (50 μg/mL) overnight at 4°C, followed by washing and subsequent coating with mounting medium (Fluoroshield with DAPI, Sigma). Subsequently, cells were examined under a fluorescence microscope (Nikon TE-2000V); actin filaments were stained green, and nuclei were stained blue.
Caspase 3/7 Activity and Apoptosis
Caspase 3/7 activity was measured in HUVEC and HEK293 cell lines with Apo-One Homogenous Caspase-3/7 Assay (Promega), according to the instructions of the manufacturer. Bacterial infections were prepared as described above. HUVECs or HEK293 cells were harvested 24 hours after bacterial infection and examined for apoptosis characteristics. Before sampling, the eukaryotic cells were washed at least 3 times and released by trypsinization. Caspase activity was measured according to the instructions of the manufacturer. Briefly, HUVECs were lysed with cell lysis buffer (MBL International). As a negative control, the caspase 3
-FMK) was used at a final concentration of 10 µM, according to the recommendations of the manufacturer. As a positive control, griseofulvin (20 µg/mL) was added.
The results are presented as fold activation of caspase 3/7 in treated samples, compared with activity in untreated samples.
Bacteriocin Assay
Susceptibility to bacteriocin was assayed using the agar overlay method [15] .
Statistical Analysis
Statistical analysis of the results obtained in the MTT cytotoxicity, cell viability, and caspase 3 activity assays was performed using the Student t test. The level of significance was set at a P value of < .05. For analysis of the results of the comet assay, the Kruskal-Walis test (the nonparametric equivalent to 1-way analysis of variance) was used to analyze differences between the treatments within each experiment. The Dunnett post test was used to compare median percentage of fluorescence in the tail for all treatments. The level of significance was set at a P value of < .001.
RESULTS
Usp Exhibits DNase Activity
To determine whether Usp exhibits antibacterial activity, the purified protein was applied to E. coli strains on LB agar plates. No lysis zones were observed upon Usp application (data not shown). Subsequently, the in vitro DNase activity of the purified Usp was assessed on plasmid pUC19, demonstrating that Usp degrades linearized DNA into smaller fragments ( Figure 1 ). Nevertheless, in comparison, colicin E7 provoked more-pronounced plasmid degradation ( Figure 1) . Because of the DNase activity of Usp, cloning and isolation of the protein proved to be demanding.
Usp Coapplied With Imu2 Exhibits Genotoxic Activity
Because the purified Usp did not exhibit bactericidal activity, we hypothesized that the target of the investigated proteins could rather be cells of the mammalian host. Our previous investigation showed a correlation between usp and bacteremia of urinary tract origin. Therefore, we initially investigated Usp activity on the HUVEC line. Endothelial cells have a central role in regulation of the local immune and inflammatory reactions and processes associated with vascular injury [16] . Exposure of HUVECs to the purified investigated proteins resulted in marked morphological changes characterized by cell rounding and membrane blebbing, particularly upon coapplication of Usp and Imu2 (both at 1 µM; Figure 2 ). To determine whether the purified proteins exhibit cytotoxic activity, the MTT test was performed. For this purpose, HUVECs were treated with the individual 4 investigated proteins, as well as with combinations of Usp and one of the Imu proteins. Although cytotoxic activity was not determined under the test conditions, an increase in the respiratory activity of treated cells, compared with nontreated cells, was detected, indicating defense against a toxic component (Supplementary  Table 1 ) [17, 18] .
Subsequently, because the purified Usp was shown to provoke degradation of isolated DNA, the Comet assay was performed to determine whether Usp and combinations of the 3 associated Imu proteins exhibit genotoxic activity that promotes DNA damage in mammalian cells. HUVECs were treated with the purified proteins, embedded in agarose, and lysed. 
Upon exposure to an electric field, broken DNA migrated out of the nuclei, and migration was visualized by fluorescence microscopy, following DNA staining. The percentage of tail DNA that was observed was an indicator of DNA damage. Our results demonstrated that Usp and Imu2 alone, as well as combinations of Usp + Imu1, Usp + Imu2, and Usp + Imu1 + Imu2, exhibit statistically significant genotoxic activity. Nonetheless, the highest amounts of double-strand breaks were provoked by coapplication of Usp and Imu2 (Figure 3 ).
Exposure to E. coli usp + imu1-3 + Affects HUVEC Viability
To investigate the effect of production of the investigated proteins by E. coli on the viability of mammalian cells, HUVECs MOI of 1:100, compared with a MOI of 1:10, the difference was not statistically significant (P = .069). coli usp − imu1-3 − were stained with phalloidin, whereas nuclei were stained with DAPI. Our results showed that infection with E. coli usp + imu1-3 + resulted in marked alterations in HUVEC morphology, with cytoskeleton rearrangements exemplified by cell rounding and membrane blebbing (Figure 4) , both characteristics of apoptosis [19, 20] .
Usp Is Released From Bacterial Cells
Bacterial exotoxins can be actively secreted to the extracellular environment. Although the mechanism of release of the Usp and Imu proteins has not yet been determined, Western blot experiments with anti-Usp antibodies detected Usp in the bacterial culture supernatant and the HUVEC fraction 4 and 24 hours after infection with E. coli usp + imu1-3
No reaction was detected with the E. coli usp − imu1-3 − control ( Figure 5 ).
DISCUSSION
Because usp sequences exhibit 40%-45% identity with DNaselike domains of S pyocins and E. coli DNase-type colicins, it was initially postulated that usp encodes a bacteriocin/endonuclease acting solely as a competing interbacterial agent [6] . Nevertheless, usp was shown to promote infectivity in a mouse model of ascending urinary tract infection [4] and to be associated with E. coli strains provoking pyelonephritis, prostatitis, and bacteremia of urinary tract origin [5] . Furthermore, usp sequences were recently found to be significantly positively associated with E. coli strains isolated from patients with inflammatory bowel disease, namely ulcerative colitis [21] . In light of these data, we hypothesized that usp could be a genuine E. coli virulence factor with a significant role in pathogenicity. Although numerous studies have investigated the prevalence of usp nucleotide sequences among various collections of E. coli strains, the activity of the Usp protein has not yet been studied. Here, we show that Usp is released from bacterial cells and, in vitro, cleaves DNA. We investigated the effects of purified Usp and its 3 associated proteins, Imu1-3, as well as combinations of Usp and the 3 Imu proteins, on the mammalian HUVEC line. In addition, infection of HUVECs and HEK293 cells with E. coli harboring usp + imu1-3 + was also studied. We are the first to show that the proteins affect the viability of mammalian cell metabolism (ie, respiration) and that Usp particularly when coapplied with Imu2 (to a lesser degree Usp alone), exhibits genotoxic activity. Bacterial pathogens produce toxins that attack a variety of vital eukaryotic cell processes. Cyclomodulins are bacterial toxins and effectors, targeting the eukaryotic cell nucleus to interfere with the cell cycle [22] . In E. coli, 4 types of cyclomodulins have been identified: cytotoxic necrotizing factors 1-3, which target rho GTPases [23] ; cycle-inhibiting factor [24] ; and cytolethal distending toxins (CDTs) and colibactin, 2 types of genotoxins that trigger DNA damage. CDT and colibactin are the first 2 genotoxins described to date. CDTs were initially found in Shigella dysenteriae [25] and subsequently found in a number of other gram-negative pathogens, such as E. coli, Salmonella enterica, Campylobacter species, and Helicobacter species [26, 27] . Generally, CDT is an A-B 2 toxin encoded by an operon with 3 genes, cdtA, cdtB, and cdtC. Subunits CdtA and CdtC are involved in the binding of holotoxin to the plasma membrane, whereas CdtB is the active subunit exhibiting amino acid similarity to mammalian DNase I. In the nucleus, CDTs provoke DNA double-stranded breaks that induce cell cycle arrest [28, 29] . Colibactin is a polyketidepeptide genotoxin encoded on the pks genomic island found in commensal and pathogenic bacteria. Few data are available on its biology. While colibactin has been mostly characterized in the E. coli extraintestinal strains of the B2 phylogenetic group [30] , the pks island is also present in other species of the Enterobacteriaceae [31] . DNA damage provoked by genotoxins leads to activation of the DNA damage response mechanism and subsequent cell cycle arrest. Irreversible DNA damage results in apoptosis or senescence [32] . Chronic exposure to DNAdamaging agents may cause genome instability, enhancing the risk of tumor development, and colibactin has recently been shown to promote colorectal cancer [33] . Our results show that Usp is a novel genotoxin active against eukaryotic cells and exhibits optimal activity when coapplied with Imu2.
Caspases are cysteine proteases with essential roles in apoptosis, necrosis, and inflammation. Caspase 3 cleaves specific protein substrates, including other procaspases, resulting in the amplification of the apoptotic signal [34, 32] . Our results show that E. coli usp + imu1-3 + provokes apoptosis in the mammalian HUVEC and HEK293 cell lines via activation of caspase 3/7. Additionally, actin rearrangements were observed following infection of HUVECs and HEK293 cells with E. coli usp + imu1-3 + . Both DNA fragmentation and actin rearrangements, including blebbing, are characteristics of apoptosis [32] . While induction of apoptosis also leads to DNA fragmentation, our results demonstrating Usp DNase activity imply that apoptosis is induced because of Usp-provoked DNA damage. The usp gene is generally found on an approximately 4-kb putative pathogenicity island with 3 small downstream open reading frames, imu1-3, originally designated orfU1, orfU2, and orfU3. Studies have revealed 4 pathogenicity island usp variants on the basis of usp and different arrangements of the orfU1-3 [6, 35] . A close correlation was found between usp variants that contained all 3 orfU genes and the pathogenic E. coli B2 phylogenetic group [36] , suggesting that all 3 are required. Bacterial toxins, particularly the AB toxins, such as CDT, are known to act in complexes composed of several subunits. The 3 small Imu proteins display similarity with immunity proteins that protect colicin producers against their cognate bacteriocin, which implies that they protect strains producing Usp. Genotoxicity, as demonstrated by the Comet assay, revealed that although Usp combined with Imu2 is most genotoxic, the additional application of Imu3 reduces genotoxic activity to that comparable with the control. In contrast to Usp, none of the Imu proteins provoked DNA cleavage (data not shown). Thus, the genotoxic activity of Imu2, as determined by the Comet assay, could be attributed to another mechanism, possibly DNA binding. These results indicate that although Imu2 is essential for optimal toxic activity of Usp, Imu1 and Imu3 are involved in protecting the producer. Interestingly, we have repeatedly observed that transformation experiments were most efficient with plasmid vectors harboring usp with all 3 downstream imu genes (data not shown), indicating that while Imu2 contributes to the toxic activity of Usp, it is simultaneously involved in protecting the producer against Usp by a currently unknown mechanism.
In conclusion, to date only 2 types of bacterial genotoxins have been described, CDT and colibactin. Our study shows that the Usp pathogenicity island encodes a novel genotoxin highly prevalent among uropathogenic E. coli strains and E. coli strains from patients with ulcerative colitis. The E. coli Usp and its associated protein Imu2 target host cells to promote genotoxic activity via a molecular mechanism distinct from that of CDT and colibactin.
More than 20 colicin types have been described. Detailed evolutionary investigations of colicin diversity have revealed 2 modes of evolution: recombination characteristic of pore formers and point mutations among nuclease colicins [37] . Similarity of the usp gene cluster with some nuclease bacteriocins and bacteriocin immunity proteins indicates another lineage evolving via loss of the bacterial receptor binding domain with acquisition of novel characteristics enabling translocation and activity in the eukaryotic nucleus. Elucidating the mechanism of translocation and action of Usp and Imu1-3 is a challenge for future studies.
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